Abstract Willows (Salix spp.) grown as short rotation coppice are recognised as an important bioenergy crop, and breeding programmes are underway in several countries, including the Czech Republic. The basket willow Salix viminalis is one of the few willow species that is widespread in the Czech Republic and thus a potential source of diversity, but the most extensive germplasm collection available shows evidence of redundancy. To investigate levels of variation in natural populations of this species for use in crop improvement programmes, a set of 38 microsatellite markers was used to assess genetic diversity and population structure among 84 S. viminalis individuals collected from seven Czech rivers (the Odra, Bečva, Morava, Dyje, Jihlava, Sázava and Vltava), covering a wide geographic distribution. The markers detected 6.95 alleles per locus on average with 92 % of the sampled individuals having a unique multilocus genotype giving a high clonal richness measure among all samples (R00.952). Three sets of putative clones (with identical genotypes as determined by the markers used here) were also identified. Significant levels of genetic diversity were revealed within all sampling sites. With the exception of sites on the Odra and Morava, pairwise F ST (0.02-0.1) values indicated moderate differentiation between sites. Principal coordinates analysis revealed some separation of the Dyje individuals from all others. This was in agreement with the population structure results derived from Bayesian analyses using STRUCTURE software. These results provide the first evidence that potentially useful levels of genotypic variation are present within natural S. viminalis populations in the Czech Republic.
Introduction
Willows (Salix spp.) grown as short rotation coppice are recognised as an important bioenergy crop but, compared with the major food crops, have been subjected to only limited domestication. Breeding programmes are now underway in several countries, including the Czech Republic [1] , Sweden [2] , Poland [3] , the USA [4] , and the UK [5] , to improve willow for the bioenergy and biofuel industries. In Europe, the basket willow Salix viminalis has been used extensively in the development of improved biomass varieties [5, 6] due to its fast growth rate, good coppicing response and favourable habit. Although numerous S. viminalis accessions are maintained in willow germplasm collections, there are relatively few studies in which levels of genetic diversity within and between these collections have been fully characterised [7, 8] . Moreover, it is not yet clear how well the material in these collections represents the diversity that may exist in natural populations of this useful species.
S. viminalis is a pioneer shrub found predominantly in riparian environments. It is dioecious and produces pollen that can be dispersed by insects or wind. The instability of riparian environments may have contributed to the plant's versatile regeneration strategies along with the propensity for extremely fast growth [9] . A single pistillate shrub can produce thousands of seeds which are dispersed by wind and water. Germination occurs exclusively on bare wet substrate and the seedlings die within a few days if conditions are not propitious [10, 11] . The plant can also regenerate vegetatively via broken branches and twigs that drift and root elsewhere.
Contemporary patterns of genetic diversity of S. viminalis within Europe, undoubtedly influenced by human activity, are yet to be fully defined. However, these patterns are likely to reflect a long-held tradition of S. viminalis cultivation for rods used in basketry and weaving. Growing and breeding S. viminalis for basketry well outside its natural range was followed later by extensive planting of this species for riverbank stabilisation. At times, this could result in kilometres of river banks planted with just a singleselected well-performing clone. Human modification of riparian environments has undoubtedly affected natural boundaries of the S. viminalis distribution range in Western Europe [12] .
The exchange of genetic material, breeding of basket varieties and human alterations of the habitat has unquestionably affected today's levels of diversity in S. viminalis. Over the past century, intensive river management throughout Europe has resulted in significant changes in patterns of sediment deposition, water table fluctuations and river flow, affecting in particular the frequency, timing and magnitude of flooding events [13] . This is likely to have had a significant impact on the balance between sexual and asexual reproduction strategies in Salix [14] . A number of studies have explored population genetic diversity and structure in the Salicaceae. A significant loss of diversity in natural populations of Populus nigra, including sites in the Czech Republic, has been attributed to changes in riverbank management involving drainage, more intensive grazing and more frequent tree felling [13] , including sites in the Czech Republic [14, 15] . A study of population genetic structure in two American willow species used for basketry and riverbank stabilisation revealed higher differentiation in naturalised and mainly clonally reproduced populations of Salix purpurea, as compared with the native Salix eriochephala [16] . A study of population structure of S. viminalis in Europe, in which material collected along 11 European rivers, was assessed with 15 isozyme loci, revealed low overall levels of population differentiation [17] . High levels of differentiation detected among naturalised Swedish populations of S. viminalis in this study was attributed to a lack of sexual reproduction and considered indicative of separate origins for these subpopulations.
As one of few willow species that occur naturally in the Czech Republic [18] , S. viminalis is of particular interest for Czech breeding programmes. One of the largest European Salix germplasm collections was established in 1956 by Chmelař and Neumann at Mendel Brno University [19, 20] and is currently maintained at the Forestry and Game Management Research Institute in Kunovice [21] . This collection holds 1,230 accessions including commercially grown cultivars and represents 94 pure species. However, a relatively high level of redundancy in a limited number of S. viminalis accessions of hybrid origin has been detected (Čížková, personal communication). This prompted augmentation of the collection with additional S. viminalis germplasm originating from river basins of the Czech Republic. Similarly, the value of S. viminalis in production of high biomass cultivars in the UK warranted the addition of more accessions to the UK National Willow Collection [22] , which currently has limited diversity within this species. As a first step in developing strategies for effective deployment of the newly collected material, both in breeding and future research, and to inform any future collection strategies, an informative set of microsatellite markers was used to assess the diversity represented within this potentially underexploited germplasm resource.
Materials and Methods

Sample Collection
In 2008, 84 S. viminalis individuals were sampled along seven rivers of the Czech Republic with the objective of capturing the upper range of natural diversity of S. viminalis in this country. The sampling sites covered a significant part of the country and represented the basins of three major European rivers-the Elbe (samples from the Sázava and Vltava), the Danube (samples from the Bečva, Morava, Dyje and Jihlava) and the Oder (samples from the Odra). Distances between locations of sampled plants ranged from 5 to 263 km. Locations of individual willow stands were recorded using a Global Positioning System device ( Table 1) . As the goal was capturing maximum diversity, sampling from shrubs growing close to one another (<30 m apart) was avoided (except at some Sázava and Morava sites where willows were scarce). To minimise any effect of age on the analysis, only mature shrubs were sampled.
The number of individuals collected in each location was roughly proportional to the area of the stand at that site. Due to the development of agriculture and, more recently, to urbanisation, both of which have reduced the total area of floodplain woodlands [23] , willow populations are no longer continuous along the entire river systems. Along the Bečva, Vltava and Sázava rivers, S. viminalis occurred as small groups of up to ten shrubs. However, willow stands along the Jihlava, Morava, Odra and Dyje were more continuous. We were unable to obtain accurate historical records indicating the origin of the stands of this species. As the shrubs sampled along the Morava were found at sites significantly distanced from each other, they were assigned three sample sites for analyses.
Identification of individuals was based on keys and descriptions in Willows of Russia and Adjacent Countries [24] . Specimen vouchers are available at the Kunovice Research Station of the Forestry and Game Management Research Institute, Kunovice, Czech Republic, where all individuals are maintained for future analyses and use in breeding programmes.
DNA Isolation and Microsatellite Analysis
Genomic DNA was isolated from fresh leaf tissue using the DNeasy Mini Plant Kit (Qiagen, Crawley, UK). For microsatellite analysis, 38 mapped loci were selected [25, 26] . To allow multiplexing, the forward primers were end-labelled with either 6FAM™, VIC®, NED™ or PET™ fluorescent dyes (Applied Biosystems). Multiplex PCR amplification was performed in 5 μL reactions comprising ×2 PCR Master Mix (Promega), 10 ng genomic DNA and four differently labelled primer sets. The relative amount of each primer set used varied according to results of previous optimisation experiments carried out in our laboratory.
This ranged from 5 to 288 ng/reaction. Thermocycling was performed using a GeneAmp® 9700 PCR System (Applied Biosystems) as follows: 94°C/1 min; 35 cycles of 94°C/1 min, 54°C/1 min and 72°C/30 s; 72°C/ 10 min. Products were separated on an ABI Prism® 3100 Genetic Analyser (Applied Biosystems) using POP-6™ polymer and 36 cm arrays with a constant injection voltage of 3.0 kV and an injection time of 10 s. Prior to electrophoresis, 1 μl of PCR products were combined with 0.2 μL of GeneScan™-500LIZ™ size standard (Applied Biosystems) and 8.8 μL of Hi-Di Formamide (Applied Biosystems), then denatured at 95°C for 5 min. Data were scored using the GeneMapper® v4.0 software package (Applied Biosystems).
Statistical Methods
Two approaches to data analysis were employed: (1) traditional population-genetic statistics that require a priori population designation (for this purpose, if at least five individuals were found at a sampling site, they were considered a population) and (2) Bayesian algorithms that cluster individual samples in populations at Hardy-Weinberg equilibrium and linkage equilibrium between loci.
1. The total number of alleles across all 38 loci, mean number of alleles per locus and number of unique genotypes per population were determined using GeneticStudio [27, 28] . Clonal richness was calculated according to Dorken & Eckert's [29] modification of the index of clonal diversity described by Ellstrand & Roose (R0(G−1)/(N−1)) [30] . Histogram of pairwise genetic differences was based on allele sizes and calculated within GenoType v1.2 software [31] . Observed heterozygosities (H O ), percentage of polymorphic loci and pairwise F ST for each sample site were calculated using GenAlEx 6.3 [32] . The number of alleles, gene diversity (H S ), inbreeding coefficient (F IS ) and allelic richness (R S ; a measure of the number of alleles independent of sample size) [33] , were calculated in FSTAT 2.9.3 [34] . A neighbour-joining (NJ) [35] tree with bootstrap values based on 1000 bootstrap samples was constructed from a simple-matching distance matrix, as implemented in Darwin 5.0.158 [36] . Principle coordinate analysis (PCoA) was carried out in Genalex 6.3 (using the Distance and PCA modules), where codominant genotypic distance between all individuals was converted to a covariance matrix and standardised by the square root of n−1. Isolation by distance was tested using regression of F ST /(1−F ST ) values against geographical distances between all pairwise combinations of the six chosen sites. As coordinates were collected for each individual, we could also test isolation by distance on all collected individuals (including those from sites with fewer than five sampled individuals). In this case pairwise genetic distances (Linear Codominant Genotypic Distance) [32] were calculated among all individuals and regressed against geographical distances. The significance was tested using Mantel tests with 9,999 permutations. Analysis of molecular variance (AMOVA) was used to partition variation within and among sample sites. The calculations for AMOVA and isolation by distance were carried out in GenAlEx 6.3 [32] . 2. Genetic structure and differentiation was investigated using STRUCTURE v2.3.3. [37, 38] , which applies the Markov Chain Monte Carlo (MCMC) algorithm that samples from the posterior distribution of the classification of individuals into putative populations (clusters). These populations are assumed to be at Hardy-Weinberg and linkage equilibrium. An admixture model with correlated allele frequencies was used, the K value (a user-defined number of clusters) was set from one to ten, and ten runs were performed for each value of K. The length of the burn-in period was set to 50,000, and the MCMC chains after burn-in were run for an additional 100,000 iterations. The optimal value of K was determined by examination of the ΔK statistic and L(K) [39] using Structure Harvester [40] . Each putative cluster identified was then re-analysed separately to identify any further substructure within each initial cluster. For this, ten STRUCTURE runs using K values from one to at least four were performed with other settings as described above.
Results
Genetic Diversity
The 38 microsatellite primer sets used in this study amplified 264 alleles across the sampled individuals. Consistent with the expectation that all plants were diploids, a maximum of two alleles per locus per individual was detected. The number of alleles per locus across all 84 individuals ranged from two to 20, with a mean of 6.95. The majority of individuals (92 %) had unique multilocus genotypes (MLG). However, three sets of putative clones (identical MLG as determined by the markers used here) were revealed. The first set of two plants growing 9 m apart was sampled from the Odra. Similarly, two putative clones were found growing 100 m apart on the Bečva. Finally, a set of three identical plants was identified comprising two plants from the Sázava (7 m apart) and one from the Vltava (94 km from the Sázava sample site). Inspection of a histogram of pairwise genetic differences suggested that the number of clones was not underestimated as a result of scoring errors (Supplementary Fig. 1 ). Observed heterozygosity (H O 00.546) and gene diversity (H S 00.561) as well as mean allelic richness (R S 03.026) were consistent among the samples collected at different locations (Table 2) . No inbreeding was detected within any group of samples, nor overall (F IS 00.056) and, consequently, tests of deviation from Hardy-Weinberg equilibrium based on 10,000 permutations were not significant ( Table 2) .
Genetic Structure
The overall genetic differentiation among all analysed individuals was highly significant with a mean overall F ST value of 0.05 ( Table 2 ). The least differentiation was found within the Odra site, the highest within the Dyje site, with moderate differentiation detected for the Vltava, Bečva and Morava sites. Pairwise F ST values (Table 3 ) revealed no statistically significant differentiation between individuals from the Odra and Morava sites, although highly significant differentiation between the most southerly located Dyje site and all the other sample sites was evident. The greatest genetic differentiation (as measured by pairwise F ST ) was detected between the Dyje and Bečva sites and between the Morava and Dyje sites (F ST , 0.08-0.1) ( (Table 4) . A similar result was obtained when R ST (Stepwise Mutation Model) was used as a basis for AMOVA analysis (98 % of variance within sites and 2 % between sites). NJ analysis produced multiple clusters supported by very low bootstrap values (<10; data not shown) and combined samples from several different locations. Therefore, other non-hierarchical clustering methods were employed to further investigate the genetic structure.
The PCoA plot (Fig. 1) shows some separation of Dyje individuals from all other individuals along the second axis (explaining 20.2 % of the total variation). The first axis isolated three duplicate genotypes from the Sázava and Vltava sites and one outlying genotype from the Odra site.
Bayesian clustering implemented within STRUCTURE software supported a result of K03. However, while the ΔK method indicated that K02 was most likely, the L(K) results supported K03. To investigate this further, the two clusters identified with K02 were split and reanalysed separately to identify any substructure ( Supplementary Fig. 2 ). For the first cluster, which comprised individuals from the Odra, Bečva and all Morava sites, no substructure was detected. However, for the second cluster, which comprised individuals from the Vltava, Sázava, Dyje and most individuals from Jihlava, clear evidence of substructuring was detected. Here, individuals from the Dyje were separated from others within the cluster. This supported the choice of K03 for analysis of the entire sample, the results of which are provided in Fig. 2 .
Discussion
Genetic Diversity and Heterozygosity
The set of 38 microsatellites used in this study provided highly informative data that were successfully used to characterise S. viminalis individuals collected from natural populations along seven rivers in the Czech Republic. All sampled sites showed relatively high values of observed heterozygosity (H O 00.55) and gene diversity (H S 00.56) which not only are comparable to the known diversity in other Salicaceae [16, 41, 42] but also consistent with the trends of genotypic variation revealed through microsatellite data in many outcrossing flowering plants [43] . None of the populations showed low levels of genotypic variation as measured by gene diversity (H S ) and allelic richness (R S ) ( Table 2 ).
The number of identical genotypes was unexpectedly low, although we recognise that these estimates may be conservative, as the sampling strategy cannot be described Parameter was calculated using GeneticStudio [27] c Parameters were calculated using GenAlEx 6.3 [32] d Parameters were calculated using FSTAT 2.9.3 [34] e Clonal richness (R) was calculated according to Dorken & Eckert's [29] modification of the index of clonal diversity described by Ellstrand & Roose [30] [49, 50] . In our sample, only seven non-unique genotypes from the Odra, Bečva, Vltava and Sázava sampling sites were identified. Presence of duplicate genotypes at the Odra and Bečva sites (9 and 100 m apart), may be well explained by rooting of broken twigs transported during floods [11] . The most plausible explanation for the three identical genotypes sampled from individuals that grew up to 94 km apart along the Vltava and Sázava would involve human propagation where cuttings were transported and planted. Although a further study is required to determine a more accurate estimate of the extent of vegetative regeneration across these sites, our data suggest that sexual reproduction is likely to be fairly common for S. viminalis within the sampling area. This is especially interesting, as the recruitment of seedlings is thought to be rare for many Salicaceae species due to strict ecological requirements for successful establishment [11, [51] [52] [53] . Even in pristine habitats, regeneration of S. viminalis may fail systematically because the precise hydrological conditions required for seedling establishment are available only occasionally [54] . However, our data, in which a substantial number of multilocus genotypes were unique (92 %) and F ST values were low (Table 2) , are consistent with outbreeding and indicates that there are no significant barriers for sexual reproduction within the sampled area.
Genetic Structure
In order to gain insight into possible historical or/and environmental factors that may have shaped the current pattern of intraspecific variation, the spatial scale of genetic diversity was investigated using a number of approaches. Results obtained with different methods were largely in agreement; yet some were more useful than others in exposing identifiable regional differences. The overall differentiation between sampled sites based on F ST (mean 00.05) was statistically highly significant, although relatively low. This was consistent with results of a previous study of population structure in S. viminalis sampled along 11 rivers in Poland, Germany and Austria [55] . All but one pair of subpopulations (including those that were geographically close) in our study exhibited some differences. The only two sites that were not statistically differentiated were those from the rivers Odra and Morava, which are located 62 km apart. These two rivers, both situated in what is often referred to as the Moravian Lowland, are historically important as trading routes from southern Europe into the Baltic Sea. Although the possibility of a recent separation cannot be ruled out, the exchange of material by farmers and commercial traders may be considered a likely explanation of this result.
The highest differentiation as measured by F ST was detected between the Dyje and all the other sampling sites. Indicative of a putative separate population, this finding was supported by PCoA ( Fig. 1 ) and Bayesian analysis (Fig. 2) . This result is particularly interesting, since it may reflect the recent history of the Dyje floodplain. Before drainage of some floodplain parts was began in the 1950s [56] , this area had been largely swamp, hence, unlike the other sites sampled in this study, subject to minimal human activity. A long-term presence of willows in this area has been confirmed by military mapping records of 1764-1768, which indicate that willows were predominant in these wetlands [57] . In general, AMOVA results, which attributed the majority of the variation (92 %) to within the sampling sites, were consistent with results obtained for most woody species with large geographic ranges, an outcrossing breeding system, and high dispersal ability [58] [59] [60] [61] . Indeed, in a study of P. nigra, which, like S. viminalis is dioecious and has the propensity for widespread seed dispersal via wind or water [53] , 90 % of genetic variation was present within sites [15] .
Bayesian analysis identified three putative populations that were geographically structured (Fig. 2) . One of the main populations identified in this study grouped samples from Bohemia (from the Vltava and Sázava) with those from Southern Moravia (from the Jihlava), while the other major population largely comprised samples collected along the rivers in Northern Moravia (the Odra, Bečva and Morava). This delineation within Moravia is striking but may be explained. First, Moravia may be an area of a secondary contact of two previously separated populations and that this is a fairly recent event. Secondly, selection against hybrids may take place and thus maintain the contact zone. Finally, the differentiation may be attributed to barriers to gene flow. However, the latter possibility is deemed unlikely, as there are no clear physical barriers for gene flow between the two regions. The highest point in the area is only 586 ma.s.l. This is far below the 1,456 ma.s.l. of the Šumava/Böhmerwald Mountains, which do not constitute a barrier to gene flow in P. nigra [14] . In the latter study, populations along the Vltava located to the north of Prague were shown to be similar to Austrian populations sampled along the rivers Inn and Danube. The differentiation in S. viminalis presented in this study may be indicative of a recent return to the area and/or that hybrids between the two original populations are less competitive.
Conclusions
Detection of significant genetic diversity and sexual reproduction within natural populations of S. viminalis in the [62] and Distruct software [63] Czech Republic is encouraging-both with regard to the restoration of natural populations and availability of natural variation for use in breeding programmes. For the latter application, it will now be important to study the diversity represented by the genetic material studied here in the context of that already available in existing breeding germplasm collections, both within the Czech Republic and elsewhere. This will allow a more informed strategy regarding how the material may be best deployed. For example, it may be that the genepool represented here is not yet exploited in the current range of willow cultivars. Phenotypic characterisation of diversity in key traits would also be useful in determining the value of this material. In addition, our finding that diverse natural populations of S. viminalis are available may be particularly useful for future association genetics studies in this species; although it is clear that population structure will need to be considered. On the basis of the results reported here, further collections are to be encouraged, and wider collections that promote a better understanding of available diversity in the context of the entire species range will also be of value.
